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Abstract. The reaction kinetics in argon flowing afterglow (post-discharge) with the air addition
was studied by optical emission spectroscopy. The optical emission spectra were measured along
the post-discharge flow tube. A zero-dimensional kinetic model for the reactions in the afterglow was
developed. This model allows to calculate the time dependencies of particle concentrations.
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1. Introduction

Besides different types of plasma argon plasma gener-
ated by electrical discharges has an exceptional posi-
tion for its exploitation. A lot of treatment techniques
and production of thin films and multilayer systems
are arranged in argon plasma atmosphere [I]. Special
position has also argon afterglows containing different
impurities. Afterglow systems containing oxygen or
nitrogen have a wide range of applications in different
fields due to the presence of reactive oxygen or nitro-
gen species (oxygen atoms, excited metastable oxygen
and nitrogen molecules) [2, [3]. The afterglows of Ar-
O4 or Ar-N, plasmas have been studied experimentally
or theoretically by numerous groups. The published
studies mainly aimed to determine the concentrations
of reactive species in the treatment area. Theoretical
kinetic model of Ar-N, flowing afterglow was devel-
oped by Loiseau et al. [4] and recently a model for
Ar-Ny mixture was also developed by Shneider et al.
[5] in order to study population inversion in this gas
mixture. A zero dimensional kinetic model in Ar-O,
surface-wave microwave discharges was developed by
Kutasi et al [6] [7] to investigate electron and heavy
particle kinetics and dissociation of Oy molecules in
the discharge and the flowing afterglow. The present
work is focused on the experimental study of air ad-
dition directly to the argon flowing afterglow. The
intensity of the arising nitrogen second positive system
(SPS) was measured in dependence on decay time by
optical emission spectroscopy. A simple kinetic model
was developed in order to explain the experimental
results.

2. Experimental setup

The flowing configuration of argon DC discharge with
the air admixture was used for this experimental study.
The experimental set-up was already used for our pre-
vious studies of argon afterglow with nitrogen admix-
ture [8] and nitrogen afterglow with mercury vapour
admixture [9]. A simplified schematic drawing of the
experimental set-up is given in Figure [I] The active
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discharge was created in a quartz discharge tube with
the inner diameter of 12 mm at the constant total gas
pressure of 1000 Pa and the discharge power of 50 W.
Hollow molybdenum electrodes were placed in the
side arms (at the interelectrode distance of 120 mm)
of the main discharge tube. The argon gas was of
99.99 % purity and it was further cleaned by Oxi-
clear. The reactor system was pumped continuously
by a rotary oil pump. The argon flow of 1400 sccm
was automatically controlled by the Bronkhorst mass
flow controller. The synthetic air was prepared by
mixing of nitrogen and oxgen (8 sccm No + 2 scem
03) and flow was also automatically controlled by
the Bronkhorst mass flow controllers. The moveable
capillary tube for air addition was made of Pyrex and
it was immersed upstream from the discharge into
the quartz tube at its axis. Its external diameter was
2 mm, the inner diameter was 0.5 mm and the length
was 400 mm. The position of the output end of cap-
illary tube was fixed at 50 mm from the end of the
active discharge (nearest edge of the side arm with
cathode). The flow analysis was performed in the
same way as in previous study on argon metastable
quenching [§]. The input gas temperature was 300 K.

The optical spectra were measured by Jobin
Yvon monochromator TRIAX 550 with 300 gr/mm
and 1200 gr/mm grating and with CCD detector.
The emitted light was led to the entrance slit of the
monochromator by the multimode quartz optical fibre
movable along the discharge tube.

3. Results and Discussion

The optical emission spectra were measured in the
active discharge with grating 1200 gr/mm and in
the afterglow with grating 300 gr/mm. The argon
metastable concentration in the active discharge was
determined from the spectra using the self-absorption
method [I0]. However, no self-absorption was ob-
served, so the mean (across the tube diameter)
metastable concentration was below 10° cm™3. Only
the SPS and argon lines were found in the spectra.
The N3 (C) state, which is the upper state of SPS, is
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Figure 1. Scheme of the experimental setup. 1 — catalyzer Oxiclear; 2 — mass flow controllers; 3 — quartz discharge
tube; 4 — capacitance gauge; 5 — quartz optical fibre; 6 — monochromator Jobin Yvon Triax 550; 7 — CCD; 8§ —

PC; 9 — movable Pyrex capillary tube.

produced by excitation transfer in collisions of argon
metastable Ar(3P,) with nitrogen molecules.

As it can be seen from Figure 2] no transitions from
the upper state with v > 2 were observed, which is
typical for the population of Ny (C) state by excitation
transfer from Ar(3Py) state.The SPS intensity was
measured as a function of position along the flow tube.
The SPS was identified 20 millimeters before the addi-
tion point. An example of the recorded post-discharge
spectrum after air addition is shown in Figure [2l The
dependence of SPS intensity on the distance from ac-
tive discharge is shown in Figure[3] This dependence
can be divided into two parts. The first part repre-
sents a rapid increase of SPS intensity to the maximal
value due to the mixing of air with flowing argon.
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Figure 2. Overview spectrum of argon post-discharge
with air titration.

In the second part the SPS intensity decreases due
to the decrease of argon metastable concentration and
thus due to the decrease of excitation transfer rate. A
zero-dimensional kinetic model for the argon — air
afterglow was developed. The initial concentrations
of argon [Ar]p, molecular oxygen [O2]p and molecular
nitrogen [Nz]p in ground states were calculated from
the equation of state for ideal gas for 7" = 300 K and
from corresponding flow rates. The concentration of
argon ground state was considered to be constant. At
our experimental conditions the electrons are thermal-
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Figure 3. The dependence of SPS intensity (0-1
sition) on distance from active discharge.

tran-

ized due to collisions with argon atoms. The time
needed for the electron temperature decrease within
10% of neutral gas temperature was calculated using
data published by Trunec et al. [I1]. This calculated
time for estimated initial electron energy of 4 eV was
1.2 ms, which corresponds to the distance of 2.4 cm in
the flow tube. So, the electron temperature was equal
to neutral gas temperature (300 K) in our experiment
and this electron temperature was also used in the ki-
netic model. The reactions involved in the model and
their rate coefficients were taken from [8 [, [12]. The
resulting system of differential equations was solved
numerically. The results of the kinetic model are
shown in Figures [ [5] and [6]

The Figure [4] shows the time dependence of elec-
tron and ion concentrations. During the first hun-
dred ps, the ArT ions are converted to Ar2+ molecular
ions, however both these ions react with atomic and
molecular oxygen and also with molecular nitrogen in
charge transfer reactions producing O™, O;‘ and N;‘
ions. Thereafter the O ions and all nitrogen ions are
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Figure 4. The calculated time dependence of electron
and ion concentrations in the afterglow.
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Figure 5. The calculated time dependence of neutral
particle concentrations in the afterglow.

converted to O;r ions by exothermic charge transfer
reaction. So, after the first millisecond all positive
ions are converted to OF ions. Thus, after the first
millisecond only electrons and OF ions are the remain-
ing charged particles, which recombine mutually and
their concentrations further decrease and also the OF
ions react again in exothermic charge transfer reaction
with arising NO.

The Figure [5| shows the time dependence of neutral
oxygen species and excited argon and oxygen species
concentrations. The Ar* metastables produced in the
discharge are converted to excimer Arj molecules,
both Ar* and Arj react with molecular oxygen pro-
ducing atomic oxygen in ground or excited state. After
the first millisecond, the concentrations of argon ex-
cited species are negligibly small. Mutual reactions
of O and O3 produce ozone and metastable oxygen
molecules Oz(a) and Oy(b). So after the first mil-
lisecond the remaining neutral particles with signif-
icant concentrations in afterglow are atomic oxygen
in ground state O(P), metastable molecular oxygen
states Oz(a) and Oz (b) and ozone together with argon
and molecular oxygen in ground states. The concen-
tration of metastable atomic oxygen O(D) is very low
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Figure 6. The calculated time dependence of nitrous
oxides concentrations in the afterglow.
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Figure 7. The comparison of calculated No(C) con-
centration with measured SPS intensity. Blue line —
calculated Na (C) concentration, black line — convolu-
tion of calculated Nz (C) concentration with apparatus
function, triangles — measured SPS intensities.

(around 10* cm~3).

The Figure[6]shows the time dependence of nitrogen
and nitrous oxides species concentrations. The Ny(C)
states produced in excitation transfer reaction decays
to N2(B) which decays further to No(A). All these
three nitrogen excited states are also quenched by
O3 producing oxygen atoms. The nitrogen atoms are
produced in collisions of two Ny(A) molecules. The
atomic oxygen and nitrogen then react and nitrous
oxides are produced.

The results from the kinetic model are compared
with measured SPS intensities in Figure [7]

In order to compare directly the results of model
with experimental results the convolution of kinetic
model results with an apparatus function of experimen-
tal setup was calculated [§]. The apparatus function
accounts for the light propagation in flow tube wall.
This light propagation in the wall leads to the slower
decrease of SPS intensity in the experiment. So calcu-
lated SPS intensity decay is in good agreement with
experimental data except the times longer than 5 ms,
when there is still very low nonzero experimentally
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measured SPS intensity. The origin of this very low
SPS intensity is not clear.

4. Conclusions

The flowing argon afterglow with air addition was
studied using optical emission spectroscopy. The op-
tical emission spectroscopy was used to measure the
nitrogen SPS along the flow tube, which arises in
excitation transfer between argon metastables and
nitrogen molecules. The kinetic model shows time
dependences of different species in the afterglow. The
argon and nitrogen excited states decay very quickly
mainly by quenching with molecular oxygen. Also
the argon and nitrogen ions decay very quickly due
to charge transfer reactions to molecular oxygen. So
after first millisecond only oxygen species are impor-
tant. Then atomic oxygen reacts with atomic nitrogen
producing NO and further NOs.
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